Despite significant experimental, numerical and analytical research, the shear behaviour of reinforced concrete members remains one of the least well understood mechanisms in reinforced concrete. Due to the complexity of shear behaviour, empirical or semi-empirical analysis approaches have typically been developed and these are widely employed in codes of practice. As with all empirical models, they should only be applied within the bounds of the tests from which they were derived which restricts the wide application of innovative materials as expensive testing must be performed to adjust existing empirical formulae or develop empirical formulae specific to the new materials. There is, therefore, a strong need to develop a generic, mechanics based model to describe shear failure which is the subject of this report. The model is based on the mechanics of partial interaction: that is slip between the reinforcement and concrete which allows for crack formation and widening and is commonly referred to a tension-stiffening; and slip across sliding planes in concrete associated with shear failure which is referred to as shear-friction.
INTRODUCTION
There are numerous widely ranging approaches used in the study of shear failure of reinforced concrete members (Bazant and Sun 1987; Bazant and Kazemi 1991; Bentz et al. 2007; Choi et al. 2007; Collins et al. 1996; Collins et al. 2008a; Collins et al. 2008b; Hoang and Jensen 2010; Hoang and Nielsen 1998; Hsu et al. 1987; Jensen and Hoang 2009; Kani 1964; Mattock and Hawkins 1972; Nielsen et al. 1978; Park et al. 2006; Reineck et al. 2003; Reineck 1991; Vecchio and Collins 1986; Vecchio and Collins 1988; Yu and Bazant 2011; Zararis and Papadakis 2001; Zhang 1997) because of the incredible complexity of the problem, particularly in the case where pre-stressed reinforcement is present (Avendano and Bayrak 2011; Bazant and Zhiping 1986; Bennett and Debaiky 1974; Bennett and Mlingwa 1980; Bruce 1962; Cladera and Mari 2006; Elzanaty et al. 1986; Hanson 1964; Hernandez 1958; Hsu et al. 2010; Kang et al. 1989; Kar 1969; Kaufman and Ramirez 1988; Kordina et al. 1989; Laskar et al. 2010; MacGregor 1960; MacGregor et al. 1965; Maruyama and Rizkalla 1988; Mcmullen and Woodhead 1973; Ojha 1967; Olesen et al. 1967; Park et al. 2013; Puckett et al. 2001; Robertson and Durrani 1987; Saqan and Frosch 2009; Shahawy and Cai 1999; Sheikh et al. 1968; Sozen et al. 1959; Teng et al. 1998; Windisch 2011; Wolf and Frosch 2007; Zwoyer 1953) . Several different approaches including shear friction theory (Birkeland and Birkeland 1966; Mattock and Hawkins 1972; Walraven et al. 1987) , plastic theory (Nielsen et al. 1978; Zhang 1997; Hoang and Nielsen 1998) , strut-and-tie modelling (Hwang and Lee 2002; Mörsch 1909; Park and Kuchma 2007; Ritter 1899; ) , and the modified compression field theory (Vecchio and Collins 1986; Vecchio and Collins 1988; Bentz et al. 2007) , have been proposed to quantify the shear resistance of RC members. While these approaches have been applied with varying degrees of success, they do not in general allow for the direct interaction between shear and flexural loading nor for partial-interaction between the reinforcement and the concrete which is the essence of the model that is described in this report.
For pre-stressed RC members confined with stirrups, codes and design guidelines (ACI Committee 318 2008; Standards Australia 2009; Eurocode 1991; Joint ACI-ASCE Committee 445 1998) split the shear capacity of a member, V n into two components which are usually treated separately for ease of calculation: the shear strength attributed to the concrete V c ; and the shear strength attributed to the shear reinforcement V s . In the ACI code (ACI 318-08), when the effective prestress is not less than 40% of the tensile strength of flexural reinforcement then (1) where λ is the modification factor concerning the reduced mechanical properties of lightweight concrete, V u is the factored shear force at the section, M u is the factored moment at the section, f co is the compressive strength of the concrete, b w is the width of the web, d p is the distance from the centroid of prestressing steel to the extreme compression fiber, and d eff is the distance from the centroid of the longitudinal tension reinforcement to extreme compression fiber.
And the contribution of the web reinforcement V s is given by (2) where A v is the area of shear reinforcement within spacing s, and f yt is the yield strength of the transverse reinforcement and the units are in pounds and inches.
Although commonly applied, the above equations are empirical and several shortcomings in their formulation have been widely recognised. For instance, Eq. (1) does not account for the variation of the longitudinal reinforcement ratio, which is known to be significant in controlling the shear strength of pre-stressed concrete beams (Elzanaty et al. 1986; Saqan and Frosch 2009; Tompos and Frosch 2002) . Furthermore, the inclination angle of the critical diagonal crack in pre-stressed beam is known to vary from 20° to 35° rather than the 45° assumed by the ACI code approach (Elzanaty et al. 1986 ). Moreover, as the concrete and stirrup contributions to the shear strength are treated separately and independently, it is implied that the confinement of stirrups has no effect on the shear strength provided by the concrete, which is again not consistent with the fundamental principles observed in practice (Bazant and Sun 1987; Russo and Puleri 1997; Tompos and Frosch 2002; Cladera and Mari 2006) . Finally, it is known that shear strength is not a linear function of the shear reinforcement ratio (Yu and Bazant 2011) , although most design codes assume that it is. Together, these factors, which exist as a result of our tendency as researches to modify existing empirical equations, in this case to extend previous empirical formulations, rather than develop mechanics based solutions, mean that this approach is typically overly conservative when applied to pre-stressed concrete (Bennett and Debaiky 1974; Kaufman and Ramirez 1988) . All of these shortcomings highlight the incredible complexity of shear failure.
In this report, an alternative mechanics based segmental approach is developed to address the fundamental deficiencies identified in the existing empirical approaches and to describe the shear behaviour and failure of pre-stressed concrete beams with and without transverse reinforcement. It is shown that the flexural forces affect the shear capacity along potential shear failure planes and, hence, the interaction between flexure and shear has been quantified. This mechanics based segmental approach has been applied to analyse published test specimens in a companion report (Zhang et al. 2013 ) and the analytical results are shown to have good correlation with experimental results, which validates the proposed model; the significance of the parameters that affect the shear behaviour of the pre-stressed members are investigated using the proposed model and the analysis can explain the influence of important variables on shear behaviours.
THE SHEAR RESISTANCE MECHANISM
The pre-stressed concrete beam in Fig. 1 is subjected to transverse loads V a . In Fig. 1(b) , only half of the specimen is shown as the other half is symmetrically loaded. Let flexural cracks form at a discrete spacing of S cr as shown. Potential diagonal cracks such as A-A, A-C, A-D or even vertically along A-E can form. Practically, the diagonal cracks initiate from the vertical flexural cracks and then extend to the top in a non-linear way as A-A and A-C in Fig. 1(b) . Theoretically, these diagonal cracks can be deemed as linearly inclined cracks as A-D in Fig. 1(b) . Hence these diagonal cracks extend from the compression region at the upper point A at a distance S cr /2 from the plane section B-B and to the tension region at the position of a flexural crack as shown. The angle β at which inclined cracks form is, therefore, limited to a discrete sequence which is a function of the tensile crack spacing (Muhamad et al. 2011; Muhamad et al. 2012; Visintin et al. 2012a ). According to Zhang (1997) , shear failure of a section without transverse reinforcement will occur along a plane at a given angle of failure β when the applied transverse load V a is both sufficient to cause the formation of a crack along the plane as well as shear sliding along the cracked plane. It is, therefore, possible to analyse each potential sliding plane within the discrete sequence identified in Fig. 1 to determine the load to cause inclined cracking V cr and the load to cause sliding V sl and, hence, to identify the angle of the critical diagonal crack β CDC at which sliding failure will occur.
In the case of a member without transverse reinforcement as in Fig. 2(b) , it is known (Zhang 1997 ) that the load to cause inclined cracking V cr will always increase with a reduction in the angle β as shown in Fig. 2 (a) and, furthermore, the load to cause sliding V sl will always decrease as shown. If it were possible to have a diagonal crack at any angle β in Fig. 2(b) , then failure would occur at β cap-min at a shear load V cap-min that is at the intercept of V sl and V cr in Fig. 2(a) . However, cracks occur at discrete positions (Muhamad et al. 2011; Muhamad et al. 2012; Visintin et al. 2012a ) and as such there are only a finite number of possible positions of diagonal cracks as discussed previously. Take for example the potential diagonal crack A-C in Fig. 2(b) . The shear load to cause cracking V cr-2 is greater than the shear load to cause sliding V sl-2 , as in Fig. 2(a) , so that shear failure occurs immediately a diagonal crack forms at V cr-2 ; this could be described as unstable or catastrophic shear failure. In contrast, the diagonal crack A-D forms at V cr-1 and the shear load can be gradually increased to V sl-1 before failure occurs such that this is a stable shear failure. As in this example V cr-2 is less than V sl-1 , the shear capacity V cap is governed by the diagonal A-C and is equal to V cr-2 which is slightly greater than V cap-min . This example helps to illustrate the mechanics of the random nature of the shear capacity as it is governed by the mechanics of the random nature of flexural cracking (Muhamad et al. 2012) . In general for a member without stirrups, one or two diagonal crack will form and sliding along one of these planes will cause shear failure. A member with transverse reinforcement is shown in Fig. 3(b) . Let us first consider the case of a member with no prestress. The sliding capacity V sl need not be monotonically decreasing with the reduction of β as shown in Fig. 3(a) . This is because as β reduces more stirrups are engaged across the sliding plane as illustrated in Fig. 3(b) where no stirrups cross the potential sliding plane A-E and at least four stirrups cross the sliding plane A-A. These stirrups increase the shear capacity directly by resisting the applied shear V a and indirectly by providing confinement across the cracked plane as will be explained later. Sliding failure V cap-min , therefore, corresponds to the local minimum of V sl . The cracking capacity V cr need not be considered as it is generally at least an order of magnitude smaller than V sl and hence an intercept of V cr and V sl is unlikely. For beams with pre-stressed longitudinal reinforcement and transverse reinforcement, the shear to cause cracking V cr-pre in Fig. 3(a) can be significantly greater than V cr due to the compressive stress in the concrete due to the prestress. However, the sliding capacity V sl-pre may change but not necessarily be always greater than the cracking load V cr-pre , unlike the case for un-prestressed beams with stirrups, in which V sl will always be greater than V cr . This is because the presence of a prestress restrains crack openings so that the stirrups may not be sufficiently engaged to cause a large increase in sliding capacity seen in conventionally reinforced beams as β decreases. Consequently, with high levels of pre-stress the failure capacity V cap-pre occurs at the intercept of V cr-pre and V sl-pre as in a section without transverse reinforcement.
Having established that in order to determine the shear capacity V cap it is necessary to determine the load to cause inclined cracking V cr-pre and the load to cause sliding V sl-pre , let us consider how each component may be determined individually for a given potential sliding plane which forms at angle β.
SHEAR TO CAUSE A DIAGONAL CRACK (V cr-pre )
Consider the free body to the right of the diagonal crack in Fig. 1 now shown in Fig. 4 from which the cracking load V cr-pre needs to be determined. As it is generally recognised that transverse reinforcement has little or no effect on the inclined cracking behaviour (Elzanaty et al. 1986; Hoang and Nielsen 1998; Jensen and Hoang 2009; Hoang and Jensen 2010) it will not be considered here. The shear load to cause a diagonal crack V cr-pre can be determined by taking moments about point A (Zhang 1997; Zhang 2012 ) so that,
where P pr is the pre-stress applied in the tendon, a is the shear span, d is the depth of the beam, c pt is the concrete cover for the pre-stressed tendon and f tef is the effective tensile strength of the concrete (Zhang 1997).
SLIDING CAPACITY ALONG A DIAGONAL PLANE (V sl-pre )
A segment of a beam, with the section in Fig To resist the vertical load V a , besides the force in the stirrup P stp , an additional shear force S must be acting along the inclined plane Lucas, 2011) and thus the vertical equilibrium can be satisfied as follows (4) For the given applied stress resultants V a and M a , all the forces acting on the segmental free body as in Fig. 5(b) , such as the concrete tensile force P cont , forces developed in the compression reinforcement P rc , in the tension reinforcement P rt , in the pre-stressed tendon P pt and in the stirrups P stp , can be determined using a segmental analysis which will be described later. This segmental analysis also gives the depth of the compression zone d NA in Fig. 5 (a). The sliding capacity V sl in Fig. 2 is only applicable after a diagonal crack has formed at V cr . Hence we are dealing with a cracked section, that is a section with a compressive region over the depth d NA in Fig. 5 (a) and a tension region below this. Shear friction theory shows that shear can only be resisted across a potential cracked sliding plane if there are compressive forces normal to this plane (Mohamed Lucas et al. 2011; Lucas 2011) . Hence, prior to sliding, the tension region cannot resist shear and, consequently, the only region that resists shear along the sliding plane is the compression region. The sliding capacity V sl , that is the shear to cause sliding which is also the shear capacity prior to sliding, depends on the shear-friction capacity of the concrete along the potential sliding plane in the compression region which is shown in Fig. 6 . It is essential to emphasise that the shear force S and the concrete compressive force P conc are still the same as in Fig. 5 . The compressive force P conc can be resolved into a normal force P conc sinβ to the plane and a shear force P conc cosβ along the plane. Hence the diagonal sliding plane has to resist both S and P conc cosβ and the resistance to sliding of this plane is enhanced by the normal force P conc sinβ. Having established the shear forces which must be resisted along sliding plane A-A in Fig. 6 , let us now determine the capacity to resist sliding of the compression region of the sliding plane which has a surface area of bd NA /sinβ. The shear friction capacity of the initially uncracked plane Z cap is given by (5) where τ N , according to the well established shear friction theory (Birkeland and Birkeland 1966; Haskett et al. 2010; Haskett et al. 2011; Mattock and Hawkins 1972; Walraven et al. 1987) , is typically a function of the average normal stress σ N acting directly on the plane that is P conc sinβ divided by the diagonal interface area in the compression region.
Consequently, the maximum value of the shear force S along the sliding plane S max that the shear plane can resist is
Importantly, it is worth noting that part of the shear strength of the diagonal sliding plane Z cap has to be used to resist the shear component of the concrete compressive force acting along the inclined plane P conc cosβ in order to maintain equilibrium; the rest of Z cap is available to resist the shear force S along the plane. The omission of this shear component of the compressive force in previous research (Nielsen et al. 1978; Lucas 2011; Lucas et al. 2011 ) may explain the tendency for the direct application of shearfriction theory to overestimate shear strength.
Substituting S max in Eq. (7) for S in Eq. (4) gives the maximum shear load that can be applied, namely the sliding capacity V sl-pre as follows:
If V sl-pre is not less than V a , sliding failure does not occur and thus the beam can undertake further loading otherwise sliding failure does occur. It is now a question of quantifying both P conc and P stp in Eq. (8) using the following segmental analysis approach.
THE SEGMENTAL ANALYSIS APPROACH
Having developed the shear failure criteria for pre-stressed concrete members, it is now necessary to develop a methodology to solve Eq. (8), that is to determine: the magnitude and location of the internal actions for a given applied load V a ; and the potential sliding plane forming at an angle of β. To do this the segmental approach proposed in Visintin et al. (2012a Visintin et al. ( , 2012b for the flexural analysis of RC members and extended to the flexural analysis of pre-stressed beams in Knight et al. (2013) is adapted here for application along an inclined plane. This segmental analysis approach is applied here as it provides a mechanics based procedure for the analysis of reinforced concrete using the mechanics of partial interaction (Haskett et al. 2008; Muhamad et al. 2011; Muhamad et al. 2012; Oehlers et al. 2011a; Oehlers et al. 2011b ) to simulate the slip of the reinforcement relative to the concrete in which it is encased and the load associated with this slip. Hence the only empiricisms required for the analysis are related to defining material properties and not in describing any form of the mechanics of member behaviour. The approach is developed here in three stages: (1) upon application of prestress, (2) precracking analysis and (3) post-cracking analysis. It should be noted here that the analysis procedure presented is only applied until the commencement of concrete softening, however, this is not considered to be a limitation as the pre-sliding capacity derived in this work will generally occur prior to concrete softening.
APPLICATION OF PRE-STRESSING FORCE
For a pre-stressed concrete member, the first step of the analysis is to consider the behaviour at the application of prestress, that is, prior to any external loads being applied. At this stage, the pre-stressing cable is not bonded within the duct in Fig. 7 (a) so there is no direct interaction through bond between the pre-stressing tendon and the concrete section; the pre-stressing force P pr , which induces a strain in the tendon ε pr , can be considered as an external force which must be resisted. It is, therefore, a question of determining the deformation of the segment from A-A to C-C at rotation θ pr at which the resultant force P RC in the reinforced concrete section (that is the sum of the forces in the concrete P conc , in the compression reinforcement P rc and in the tension reinforcement P rt ) is equal to and in line with the prestressing force P pr as in Fig. 7 (e). This analysis can be performed iteratively by setting an initial guess for the rotation due to pre-stress θ pr in Fig. 7 (a) and guessing a deformation of the concrete at the top fiber Δ top , thereby, defining the deformation profile C-C as in Fig. 7(b) with the assumption of a plane section remaining plane. Having defined the deformation profile, the distribution of strain is simply the deformation from A-A to C-C divided by the length over which it must be accommodated L def which varies along the depth as shown in Fig. 7(a) . The deformation length L def can be determined through simple geometry as the length of the segment varies from the half crack spacing S cr /2 at the top fibre to a multiple of the half crack spacing at the bottom fibre. As the deformation length varies over the depth of the section, the strain profile as in Fig. 7 (c) is non-linear; to determine the stress profile in Fig. 7(d) from the application of standard material stress-strain relationships, it may be convenient to use a layered approach. From the stress distribution, the distribution of internal forces in Fig. 7 (e) is known and Δ top must be updated until force equilibrium is achieved. At the point of force equilibrium, if the resultant P RC does not align with P pr and is not of the same magnitude it is known that the initial guess for θ pr and Δ top are incorrect and must be updated.
Following the application of pre-stressing, the pre-stressing duct is considered to be grouted and hence full interaction between the tendon and the RC section is established so that the force in the prestressing tendon is now considered as an internal force. The above analysis in Fig. 7 provides the initial rotation θ pr and deformation at the level of the pre-stressing tendon Δ pr-res . At this deformation Δ pr-res , the strain in the tendon is ε pr and any deformation of the tendon away from Δ pr-res will result in a change in the force in the tendon.
APPLICATION OF TRANSVERSE LOADS PRIOR TO CRACKING
Let us now consider the application of an external load which causes a shear V a and corresponding moment M a at B-B in Fig. 8(a) . For analysis, a rotation θ is imposed on the section causing a deformation from A-A to D-D. As the pre-stressing duct is now grouted, the force in the pre-stressing tendon P pt now acts as part of the reinforced concrete section rather than as an external force as in the previous analysis. (9) where S is the shear force developed along the sliding plane, P conc-bf is the concrete compressive force before flexural cracking occurs, P pt the force in the pre-stressed tendon, P rt the force in the ordinary tension reinforcements, and P rc the force in the compression reinforcements.
Similarly, from vertical equilibrium (10) Combining Eqs. (9) and (10) to eliminate the shear force S along the sliding plane and rearranging in terms of the applied shear V a yields (11) Taking moments about the top point A in Fig. 8(a) , rotational equilibrium is achieved when (12) where d is the depth of the beam, d conc-bf is the distance from the concrete compressive force to the top layer before flexural cracking occurs, and c pt and c rt the concrete cover of pre-stressed tendon and ordinary reinforcement respectively. Hence it is now a question of determining the deformation from A-A to D-D in Fig. 8(a) such that both force and rotational equilibrium are achieved. To do this a rotation θ is first set and the deformation at the top fibre Δ top is guessed. As was the case in the analysis prior to the application of external loads this defines the deformation profile D-D.
For the concrete and initially un-tensioned reinforcement, the strains in Fig. 8(c) can be determined directly from the deformation profile A-A to D-D in Fig. 8(b) by dividing by the deformation length L def . For the pre-stressed tendon, the analysis is not quite so direct. The application of the prestress force P pr in Fig. 7 has caused the deformation C-C where at the level of the tendon the deformation of the segment is ∆ pr-res and at this segment deformation the strain in the tendon is ε pr . The deformation lines C-C and A-A in Fig. 8 are referred to as base lines for the pre-stressed tendon and the concrete respectively and any deformation from the base line causes stress. The change in deformation at the level of the tendon shown as (∆ pr-res -∆ pt-bf ) from C-C to D-D in Fig. 8(b) will further tension the tendon and therefore cause the strain in the tendon to increase from ε pr . Hence the strain in the tendon ε pt will be ε pr plus (∆ pr-res -∆ pt-bf )/L def where L def is the length of the segment at the level of the tendon.
From the strain profile in Fig. 8(c) , the stresses in Fig. 8(d) and hence forces in Fig. 8 (e) are known and Δ top can be adjusted until force equilibrium in Eq. (11) is achieved. Having satisfied force equilibrium, if rotational equilibrium in Eq. (12) is not obtained the initial rotation θ must be updated and the analysis repeated until it does. From the known magnitudes and location of the internal forces Eq. (8) can be solved in order to determine the shear sliding capacity V sl-pre .
The above analysis can then be repeated for increasing magnitudes of the applied load V a to produce the relationship between the applied stress resultants V a and M a and the shear sliding capacity V sl-pre in Fig. 9 . As the above analysis applies prior to cracking, it can only be used to derive the points from O to A after which flexural cracking takes place and the crack tip crosses the longitudinal reinforcement. From this point onwards, with the moment M fl-cr causing flexural cracking at a shear load of V fl-cr , the forces developed in all the reinforcements crossing a crack must be determined from partial interaction theory. It is interesting to note that rearranging Eq. (12) gives (13) where the shear span a = M a /V a .
Substituting Eq. (13) into Eq. (10), we can derive
From Eq. (14), it can be seen that the shear force S along the inclined plane is increased by the tensile force in the tendon while decreased by both the compressive forces in the concrete and the longitudinal reinforcements.
Further substituting Eq. (14) into Eq. (9) gives (15) Eq. (15) shows that P conc-bf , on which the shear capacity of the uncracked region Z cap depends, as described previously in Eqs. (5) and (6), is also increased by the tensile force in the tendon while decreased by the compressive forces in the longitudinal reinforcements.
APPLICATION OF TRANSVERSE LOADS AFTER CRACKING
Let us now consider the segment in Fig. 10 which is subjected to applied loads V a and M a which cause the formation of a flexural crack that crosses the longitudinal reinforcements. (16) where P conc-af is the concrete compressive force after flexural cracking, and P cont is the tensile force in the concrete.
From vertical equilibrium (17) where P stpi is the force developed in the i-th stirrup.
Combining Eqs. (16) and (17) to eliminate the shear force along the sliding plane S yields (18) Taking moments about the upper point A, rotational equilibrium is obtained when (19) where d stpi is the horizontal distance from the position of the i-th stirrup to the point A, d conc-af is the distance from the concrete compressive force to the top layer after flexural cracking happens, and d cont the distance from the concrete tensile force to the top layer.
Rearranging Eq. (19) gives (20) Substituting Eq. (20) into Eq. (17) gives (21) Comparing Eq. (21) with Eq. (18), it is shown that the shear force S along the diagonal crack is further reduced by the forces in the stirrups.
Combining Eqs. (21) and (16) gives (22) where e=(a-S cr /2)tanβ.
For the case without stirrups, P conc-af can be obtained by simply ignoring the stirrup component in Eq. (22). Comparing Eq. (22) with Eq. (15), it can be seen that the concrete compressive force P conc-af after flexural cracking increases with the increase of forces in stirrups. This is as expected owing to the direct resistance of stirrups to the vertical load V a , thereby correspondingly decreasing the shear force S along the inclined plane, and increasing the concrete compressive force. It is worth noting that an increase of P conc-af tends to increase Z cap , the shear capacity of the uncracked region. This shows the indirect but beneficial effect of stirrups on the shear sliding capacity of the diagonal plane.
In the case of a cracked member, the same general analysis procedure is followed, that is, a rotation θ is imposed and the deformation profile adjusted until force equilibrium given by Eq. (18) is satisfied. Having satisfied force equilibrium, if rotational equilibrium in Eq. (19) is not obtained θ is adjusted until it does.
When determining the internal forces in Fig. 10(e) , for the uncracked concrete and the reinforcement contained within the uncracked region, the strains, stresses and forces in Fig.s 10(c) , (d) and (e) respectively are determined as in the uncracked analysis. For any reinforcement crossing a tensile crack, the load developed in the reinforcement is a function of the slip of the bar relative to the concrete in which it is embedded, that is Δ pt , Δ rt and Δ stp in Fig. 10(a) and must be determined using partial interaction theory (Haskett et al. 2008; Muhamad et al. 2011; Muhamad et al. 2012; Oehlers et al. 2011a; Oehlers et al. 2011b) as explained in the following section.
In Fig. 10(a) , when considering the total slip for the tensile reinforcement to accommodate multiple cracking, the slips at each crack position shall be accumulated. For example, if Δ rt is half the crack width that is the slip at one crack face at the level of un-tensioned reinforcement as in Fig. 2(b) , for diagonal crack A-A, the total slip for mild reinforcement is Δ rt plus the sum of crack widths of the diagonal cracks whichever are located between A-A and B-B, that is A-C, A-D, and A-E in this case; so the final slip for mild reinforcement is 7Δ rt , and the nΔ rt in Fig. 10(a) is 7Δ rt . Meanwhile, it is equally important to note that the force in the reinforcement will still be P rt , the one to accommodate Δ rt in the partial interaction analysis, rather than the one to accommodate nΔ rt . The same principle applies to pre-stressed tendon as well.
TENSION STIFFENING ANALYSIS
Consider the reinforcing bar of area A r in Fig. 11(a) which has a perimeter of L per and which is located concentrically in a concrete prism of area A c which has been extracted from the segment in Fig. 10 as will be explained later. 
L pri crack face Fig. 11 . Tension-stiffening analysis for un-tensioned reinforcement
To illustrate the basic partial interaction procedure (Oehlers et al. 2011a; Oehlers et al. 2011b) , the prism in Fig. 11(b) is sliced into n very short elements of length L e such that the slip within an element Δ i (i=1,2,…,n) can be assumed to be constant.
If at the first element in Fig. 11(b) , a slip Δ cf at the crack face (Δ 1 ) is imposed as shown (which could correspond to Δ rt or Δ pt in Fig. 10(a) ), it is a question of determining the force in the reinforcing bar P r when this slip occurs. Generic closed form solutions (Mohamed Ali et al. 2006; Mohamed Ali et al. 2012; Muhamad et al. 2011; Muhamad et al. 2012; ) have been developed for this using partial interaction theory. Alternatively, an iterative solution can be used to do this by first guessing or estimating the force P r to induce Δ cf and then using known boundary conditions, which will be described later, to determine whether the estimated value for P r is correct.
From the bond-slip (τ-Δ) material properties (CEB-FIP Model Code 90), the bond shear stress τ 1 at Δ 1 can be derived and hence the bond force B 1 in Element 1 in Fig. 11(b) is known to be τ 1 L e L per . From equilibrium on the right hand side of Element 1, the force in the reinforcement has reduced to P r -B 1 and the force in the concrete increased from zero at the crack face to B 1. Knowing the change in forces across an element, the mean forces and the mean strains in the reinforcement ε r1 and those in the concrete ε c1 is also known. The strain difference ε r1 -ε c1 , which is known as the slip-strain (Δ 1 '), integrated over the element length L e gives the change in slip over the element (δΔ) 1 =(ε r1 -ε c1 )L e so that the slip in Element 2 that is Δ 2 is now equal to Δ 1 -(δΔ) 1 .
The procedure outlined above can be repeated along the length of the prism in Fig. 11 (b) so that the variation along the prism of the slip Δ, slip-strain Δ', as well as the reinforcement strain ε r and concrete strain ε c are known. For the specific value of Δ cf , P r can be adjusted until the known boundary condition is achieved.
BOUNDARY CONDITIONS
From the analysis above, when a force P r is applied on the reinforcement at crack face as in Fig. 12(a) , the slip Δ cf decreases along the prism, and the force in the adjacent concrete builds up from zero at the crack face to P c at the point of full interaction which is point A in this case due to bond effect so that strain in the concrete ε c increases and the slip-strain Δ' decreases correspondingly while P r reduces to P r '.
To determine the crack spacing S cr , the boundary condition (Muhamad et al., 2011; Muhamad et al., 2012) shown in Fig. 12 (a) can be used; that is at point B along the prism L pri =S cr from the crack face, both Δ and Δ' tend to zero at the same position and when at the same position the strain in the concrete ε c reaches the concrete tensile cracking strain ε ct .
L stp P' r To allow for tension stiffening between flexural cracks as required for the analysis in Fig. 2(b) , let us take cracks at point E and D for example. After primary cracks form with a spacing of S cr , the force in the concrete P c becomes zero at both crack faces, and since the reinforcement is tensioned at both crack faces, by symmetry, the boundary condition changes into Δ=0 at the position of half the prism length, that is S cr /2 (Muhamad et al., 2011; Muhamad et al., 2012) at point C in Fig. 12(a) .
For pre-stressed tendon, at each segment there is a residual strain in the reinforcement ε r-pr = P pr /(E r A r ) and the residual strain in the concrete ε c-pr = ε r-pr (E r A r /E c A c ) due to the pre-stress applied (Knight et al., 2012; Knight et al., 2013) . The slip strain Δ' at each element is therefore the difference in that due to the applied load P r and that due to the pre-stress, that is, Δ' = (ε r -ε c )-(ε r-pr +ε c-pr ). The addition of the residual strains results in a change to the boundary condition applied to determine the crack spacing. For a prestressed prism, a crack forms at the location where Δ tends to zero and Δ' tends to ε r-pr +ε c-pr and ε c tends to the rupture strain ε ct at point B as in Fig. 12(b) . No change in the tension stiffening boundary condition occurs and only the incorporation of the residual strains at an elemental level in Fig. 11(b) needs to be considered.
To determine the load developed in the transverse reinforcement that is the stirrups in Fig. 10 (a) the boundary conditions in Fig. 12(b) can be used. For a given total crack opening 2Δ stp , the reinforcement is considered to be fully anchored at the ends of each stirrup leg. As shown in Fig. 12(b) , 2Δ stp is then considered to comprise of the individual slip from each side of the crack face Δ stp1 and Δ stp2 . For analysis, for a fixed 2Δ stp , the slip Δ stp1 is guessed and the corresponding force P stp1 from Δ stp1 and P stp2 arising from Δ stp2 =2Δ stp -Δ stp1 is determined. If P stp1 does not equal P stp2 , it is known that the initial guess of Δ stp1 is incorrect and it is adjusted until it is. In this way a relationship between the total slip 2Δ stp and P stp as required for the analysis in Fig. 10(a) is known.
PRISM SIZE
It is important to note that the analysis in Figs. 11 and 12 relies on a uniform stress distribution within the reinforced prism, that is in order to avoid bending, which this tension stiffening analysis procedure cannot accommodate. Hence the resultant of concrete force B 1 and reinforcement force P r1 -B 1 in Element 1 in Fig. 11(b) , must be in line with P r. To allow for this, the concrete prism is always taken to be symmetrical around the reinforcing bar, for example, if the section in Fig. 13(a) only had the prestressing rod, then the concentrically loaded prism in Fig. 13 (b) would be used in the tension stiffening analysis. Similarly, if there were only the un-tensioned reinforcement, then the equivalent prism in Fig. 13 (c) could be used and in this case A r would be the total area of reinforcements; L per the total length of all the perimeters; and A c the total area of concrete. When both un-tensioned reinforcement and pre-stressed reinforcement are combined it is not possible to define a concentrically loaded prism and in this case, treating each type of reinforcement separately as in Figs. 13(b) and 13(c) but combining the outcomes is a good approximation of the combined behaviour (Knight et al. 2013 ). In the tension stiffening prism for transverse reinforcement, since the area of the adjacent concrete is much larger than the area of the stirrups, the strain in the concrete can be ignored so that the slip-strain is simply the strain in the reinforcement. Having defined the force developed in the un-tensioned P rt and pre-stressed P pt reinforcement as a function of the slips Δ pt , Δ rt as well as the load developed in the stirrups P stp as a function of the crack width 2Δ stp , the analysis in Fig. 10 can be carried iterating θ and Δ top until both force and rotational equilibrium are achieved. This analysis will provide the magnitudes of all the internal forces P conc-af , P rc , P rt , P pt and P stp as well as the depth to the neutral axis allowing the pre-sliding capacity for the cracked section, between A and B in Fig. 9 to be determined.
CONCLUSION
This report has presented the development and application of a new mechanics based segmental approach to predict the pre-sliding shear capacity of pre-stressed RC beams with and without stirrups. The segmental approach is based on the mechanics of partial interaction and shear friction and builds upon the pre-sliding shear friction failure criteria and segmental analysis technique for flexure previously developed by the authors. Importantly the segmental approach addresses the commonly identified shortcomings of the existing empirical approaches, that is: it allows for the variation of longitudinal reinforcement ratio; it does not fix or assume the angle at which the diagonal failure plane will occur; it does not treat the contribution of the stirrups and the concrete to the shear capacity separately, conversely it shows the importance of treating them together; and quantifies the interaction between flexure and shear. This partial-interaction segmental approach has been applied in a companion report (Zhang et al. 2013 ) to analyse published pre-stressed concrete members and has been validated by comparing the numerical results with test strength; using the proposed model the major variables influencing the shear strength of pre-stressed members are studied and from the analysis the effect of these parameters on shear behaviours can be explained. pre-stress applied in the tendon f tef the effective tensile strength of the concrete determined empirically f yt the yield strength of the shear reinforcement L def the length over which the deformation must be accommodated L e the short length of a sliced element L per the perimeter of the reinforcing bar M a moment applied at the analysed section M fl-cr the corresponding moment at the section to cause flexural cracking M u the factored moment at the section P conc the compressive force of the concrete P conc-af the compressive force of the concrete after flexural cracking occurs P conc-bf the compressive force of the concrete before flexural cracking occurs P cont the tensile force in the concrete P pr the prestress force applied in the tendon P pt the force in the tendon P r the force of the reinforcing bar in the tension stiffening prism P rc the force in the compression reinforcements P RC the resultant of forces in concrete and reinforcements when pre-stress applied P rt the force in the un-tensioned reinforcements P stp1 , P stp2 the individual force of the stirrup from each side of the crack face P stp the force in the stirrup P stpi the force developed in the i-th stirrup S shear force along the inclined plane S cr , L pri the minimum crack spacing for primary cracks S max the maximum value of the shear force S s the stirrup spacing V a shear load applied V c concrete contribution to the shear capacity V cap-min the shear capacity of the non-stressed beam V cap-pre the shear capacity of the pre-stressed beam V cr the shear load to cause diagonal crack for the non-prestressed beam V cr-pre the shear load to cause diagonal crack for the pre-stressed beam V fl-cr the shear load at the section to cause flexural cracking V n shear strength of a member V s nominal shear strength provided by shear reinforcement V sl the shear sliding resistance of a diagonal crack for the non-prestressed beam V sl-pre the shear sliding resistance of a diagonal crack for the pre-stressed beam V u the factored shear force at the section Z cap the shear sliding capacity along the inclined plane β the angle of the diagonal plane Δ deformation along the depth of specimen Δ ' slip strain in the tension stiffening prism Δ 1 , Δ cf the slip at the crack face Δ i (i=1,2,…,n) the slip within the i-th element Δ pr-res residual deformation of the tendon due to prestress Δ stp1 , Δ stp2 the individual slip of the stirrup from each side of the crack face Δ top deformation of the concrete at the top fiber Δ pt-bf distance from the deformation profile at the level of the tendon before cracking Δ pt slip of the tendon at the crack face Δ rt slip of the un-tensioned reinforcement at the crack face Δ stp slip of the stirrup at the crack face (δΔ) 1 the change in slip over element 1 ε c the concrete strain in the tension stiffening prism ε ct the concrete tensile cracking strain ε c-pr the residual strain in the concrete due to prestress ε pr the strain in the pre-stressed tendon at the application of prestress ε pt strain developed in the tendon ε r the reinforcement strain in the tension stiffening prism ε r-pr the residual strain in the reinforcement due to prestress λ modification factor reflecting the reduced mechanical properties of lightweight concrete, all relative to normalweight concrete of the same compressive strength ρ r-pt the pre-stressed reinforcement ratio θ pr an initial guess of the rotation at the application of pre-stress σ N the average normal stress acting on the uncracked region of the inclined plane τ 1 the bond shear stress in element 1 τ N the shear stress capacity provided by the uncracked region of the inclined plane
NOTATION

